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Introduction  
This project is a controlled field study and lab test that assessed the demand response (DR) potential of 

split system and unitary heat pump water heaters (HPWHs) manufactured by Sanden International 

(Sanden) that use carbon dioxide (CO2) refrigerant. The researchers included Washington State 

University (WSU), Pacific Northwest National Laboratory (PNNL), Efficiency Solutions, and Ecotope 

working with Cascade Engineering Services.  

The controlled field test took place ŀǘ tbb[Ωǎ [ŀō IƻƳŜǎ ¢Ŝǎǘ /ŜƴǘŜǊ ƛƴ wƛŎƘƭŀƴŘΣ ²ŀǎƘƛƴƎǘƻƴ. The 

configuration of the Lab Homes allowed simultaneous testing of the water heaters under the same 

weather, interior temperature, and loads. The draw amount and patterns were determined through 

consensus by Bonneville Power Administration (BPA), Ecotope, PNNL and WSU, and the demand 

patterns were informed by demand response experts at BPA. 

The draw amount during all baseline and DR tests was 130 gallons per day (GPD), which is more than 

three times the regional daily average (Ecotope and NEEA, 2015). This volume was the same as previous 

testing done by PNNL on GE HPWHs operating in electric resistance (ER) mode (Widder et al., 2013). The 

controlled field test project also had the advantage of testing the equipment under extreme conditions. 

The tests conducted were: 

¶ Baseline measurement;  

¶ Balancing INC, which tests the response of hourly or sub-hourly changes in demand and the 

available dispatchable power/energy shift associated with it; and  

¶ Oversupply mitigation, which identifies the total dispatchable power, and resulting energy shift, 

that a noncritical load like water heating can provide during a 3- to 12-hour window.  

The Lab Homes tests reveal that both the unitary system and the split system HPWHs could provide 

water at the required temperature at the 130 GPD draw, and could perform balancing INC consisting of 

three 1-hour periods without a loss of delivery performance. Both HPWHs could also deliver setpoint 

hot water after being shut down for six hours for oversupply mitigation. The split system could continue 

delivery for a full 12 hours of shutdown, while the unitary system with its 40-gallon tank failed to 

provide setpoint temperature water after the sixth hour. 

Ecotope developed the lab test protocol within the context of the controlled field study test protocol. 

With the PNNL Lab Homes program exploring the extreme ends of the draw spectrum, the draw pattern 

selected for the lab tests was based on the regional average hot water use of approximately 15 gallons 

per person per day and with an average home occupancy of three. This added a broader range to the 

tests done at PNNL and produced an assessment of the units more closely tied to actual use. The goal of 

the lab tests was to identify the impact of DR on hot water delivery, HPWH performance, the dynamic 

energy storage potential, and controls needed for optimum DR implementation. 

The protocols developed are not customized for these specific water heaters; they can be used to test 

any HPWH or ER water heater for DR purposes. This report contains an overview of what was learned in 

developing and implementing these tests. 
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Research Objectives  
The goal of the research was to assess the potential for using CO2 refrigerant HPWHs of two different 

configurations to provide dispatchable DR services including load balancing and oversupply mitigation. 

To achieve this goal, tests were developed and conducted in a controlled field study at the PNNL Lab 

Homes facility and a lab at Cascade Engineering Services under the direction of Ecotope, Inc. 

Specific research questions were proposed: 

1. What is the energy storage capacity in long-term field use subject to typical hot water system 

end use and dispatch driven by actual events? 

2. What is the impact on system efficiency of oversupply, load shifting, and load balancing 

operation over the long term? What is the impact on HPWH performance of operating at 

nighttime or off-peak hours? Are these different hours than it would normally operate? If so, is 

efficiency increased or reduced, and how much is due to differing outside air (OSA) 

temperatures? 

3. What is the impact on performance of increased tank loss, if any, due to increasing 

temperatures for energy storage? 

4. How do DR-enabled HPWHs interact with conditioned space and overall whole-house power 

consumption? 

5. How does the DR performance of the HPWH compare to a similar, baseline ER water heater? 

6. How are the impacts of dispatchable load following or balancing reserves and inherent 

efficiency combined and valued to determine the overall capacity reduction potential of 

HPWHs? 

7. How does dispatchability integrate with the function of the water heater? Does a CEA 2045 
communication port provide the needed information transfer in each direction? What sensors 
and other capability does this require? 

8. What are the DR benefits and issues of the tested technology, and how might the tested 

technology be redesigned to further improve its DR function, marketability, and cost-

effectiveness while retaining efficiency? 

These questions were originally targeted at either the controlled field study or lab tests, but in practice 

the answers emerged during the entire research project. The overarching question is: what is the 

potential of these systems to provide DR services? The generic answer is that it is significant. This report 

will provide details and answer the specific questions.  

CO2 refrigerant operates differently than standard hydrofluorocarbons (HFCs). The next section 

describes CO2 refrigerant operating systems and the two different configurations ς unitary and split 

systems ς studied in this research. 
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CO2 Refrigerant  System Operation  
The systems used in the field study heat water from the cold water supply temperature to 149°F in a 

single pass. This thermal lift is a characteristic of CO2 systems that results from the heat capacity of CO2 

at a specific operating pressure, and is an important contributor to the efficiency of these systems and 

their ability to extract heat from OSA at low temperatures. 

Figure 1 compares the operation of CO2 and 

standard refrigerants in terms of their state, 

pressure, and energy-holding capacity (specific 

heat). CO2 operates in a transcritical cycle at a 

pressure of Ғтр bar or 1,087 pounds per square 

inch (PSI) on the high-pressure side. The CO2 is in 

the transcritical phase at the refrigerant-to-water 

heat exchanger. This phase is called gas cooling 

and the CO2 is not discernably in either a liquid or 

vapor phase ς it has attributes of both. After it 

leaves the gas cooler, it drops into the evaporator 

at a lower pressure and temperature, where it 

absorbs heat from the ambient air as it changes 

state from a liquid/vapor mixture to a gas. The compressor then lifts the CO2 back to the transcritical 

zone where it transfers heat to the colder water.  

The impact of operating at the optimum temperature and pressure at the evaporator is shown in Figure 

2.1  The specific heat at 75 bar is significantly 

greater than that of CO2 gas at other pressures. 

This allows the CO2 to absorb more heat at low 

temperatures, and requires great engineering skill 

in system design to maintain.  

Every CO2 system must work with pressures higher 

than those for conventional refrigerants. In the 

systems used for this research project, the 

manufacturer has isolated the CO2-charged 

components, and the charged system is serviced 

only by the manufacturer.  

This design is approved in Japan, China, Australia, 

and Europe. UL listing for the U.S. is currently in process. The manufacturer, which builds one-third of 

ǘƘŜ ǿƻǊƭŘΩǎ ǾŜƴŘƛƴƎ ƳŀŎƘƛƴŜǎ and most automotive compressors, already has UL listing for a vending 

machine cooling compressor using CO2 refrigerant, and Coca Cola is currently changing all of its vending 

machines worldwide to use CO2 refrigerant. 

                                                            
1 Figures 1 and 2 are from Rolf Christensen at Alfa Laval, a manufacturer of advanced heat exchangers used with 
CO2 and other heat exchange fluids, and are used with permission. The terms used are metric, but are shown here 
for the relative and relational aspects they reveal about the physics of CO2 refrigerant. 

 Figure 1. Comparison of CO2 and Standard Refrigerant 
Operation 

 Figure 2. Impact of Operating at Optimum Temperature 
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Two systems were used in this research: a unitary HPWH (Model GES-15QTA) and a split system HPWH 

(Model GAUS-315 EQTA). Both are manufactured by Sanden International ς the unitary system in France 

and the split system in Australia. Both use the same compressor and are designed to lift the 

temperature of supply water that is between 50°F and 60°F to 149°F in a single pass through the heat 

exchanger. Neither system has a backup ER element. 

Both systems were installed and removed by Mark Jerome of CLEAResult under agreement with WSU. 

Mr. Jerome provides installation guidance and expertise to all of the research sites where this 

technology has been monitored.  

Unitary System  
The unitary system, shown in Figure 3, is designed to keep the tank and 

compressor unit together in a unit that can be installed inside conditioned 

space or a buffer area. Air is brought to the unit from ς and exhausted to ς

outside the conditioned space through 8-inch ducts. 

The system is built in two containers that may be installed vertically or 

horizontally. The hot water tank is 40 gallons. The vertical configuration 

used at the Lab Homes installation is located on the bottom. The 

compressor, heat exchanger, fan, and pump are housed in the other 

container and connected by hoses to the tank. The system is plumbed like 

a regular water heater with the exception that a tempering valve is needed 

to bring the temperature down to safe levels. A tempering valve was used 

in the controlled field study but was not necessary in the lab tests. 

Like the split system, this unitary water heater was tested according to U.S. 

Department of Energy (DOE) and Northern Climate Specification standards 

(Larson and Logsdon, 2013). In terms of efficiency, the unit is comparable 

to the split system. It is, however, constrained in terms of delivery of hot 

showers because of its smaller hot water tank. During the controlled field 

testing, a major delay was caused by a switch malfunction and condensate issue in this system. The 

issues were diagnosed and solved by Greg Sullivan of Efficiency Solutions, a contractor to WSU, and 

Sanden. 

At the PNNL Lab Homes installation, the unitary system was installed in the water heater closet that 

opens to the outside of the home. Supply air was ducted from the crawl space beneath the home, and 

exhaust air was taken through the roof. Taking supply air from underneath the home provided some 

energy from the ground and the floor heat loss, making the air slightly warmer than that used by the 

split system during cold weather conditions. 

  

Figure 3. Unitary HPWH System 
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Split System  
The split system functions are separated into two different parts: 

¶ The compressor, air-to-CO2 and CO2-to-water heat exchangers, control system, and circulation 

pump are all located in the outdoor unit.  

¶ The heat storage is an insulated water tank that is located inside conditioned space.  

The tank has a sensor that measures the tank temperature at a height about two-thirds from the bottom 

of the tank. When the water temperature at that location drops to 113°F, the outside unit activates. 

The two components are connected by hot and cold water lines and a sensor wire. Cold water is 

pumped from the bottom of the tank into a heat exchanger at the base of the outdoor unit, where heat 

is transferred from the high-temperature/high-pressure 

CO2 gas in the transcritical phase. On the low-

temperature/low-pressure side of the water exchanger, 

the CO2 pulls its heat from OSA through an exchanger in 

the face of the outdoor unit, where a fan circulates air 

from front to back. Figure 4 illustrates the system 

components. The heated water returns to the top of the 

tank. 

The sensor wire connects the tank temperature sensor to 

the control system in the outdoor unit. The controls turn 

the system on and off for water heating, operate the 

defrost cycle to prevent icing in cold weather, and 

circulate hot water to prevent freezing of the lines and 

heat exchanger during long periods of system inactivity in 

cold weather. 

The water lines are equipped with heat tape by the system 

installer. Installation also requires providing power to the outdoor unit, running water and sensor lines 

between the outdoor unit and tank, insulating the water lines, and connecting the tank to the household 

water supply and distribution piping.  

  

Figure 4. Split HPWH System Components ς 
Outdoor Unit and Insulated Water Tank 
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Controlled Field Study  
The PNNL Lab Homes are two identical manufactured homes located at the PNNL main campus in 

Richland, Washington. The homes are set up in parallel but at sufficient distance to be unshaded from 

any direction, thereby experiencing similar solar and wind conditions at all times. They are fully 

instrumented and have the ability to program loads including electric load operation and water and 

appliance use. 

Richland is in the Northwest Power and Conservation CouncƛƭΩǎ ƘŜŀǘƛƴƎ ȊƻƴŜ м ǿƛǘƘ пΣуну ƘŜŀǘƛƴƎ 

degree days (HDD) and cooling zone 3 with 881 cooling degree days (CDD),2 making it one of the more 

extreme climates in the region. The testing began in August 2014 and ended in November 2014. Due to 

equipment issues, the testing was delayed and the final test was done under different temperature 

conditions than the beginning tests. 

Protocol Development  
The tests done at the PNNL Lab Homes were the product of a long protocol development process 

beginning with the first draft delivered on January 29, 2014. Development continued through February 

and March 2014, and the protocol was reviewed with PNNL by BPA, Ecotope, Sanden, and WSU. BPA DR 

experts were key to designing the DR protocols used. The final protocol submitted to BPA on June 3, 

2014 represents a consensus of the entire project team and is attached as Appendix A. 

The protocol specified three tests:  

1) Baseline tests to establish ability to meet the daily draw of 130 GPD and the energy needed by 

the system to meet that demand,  

2) Oversupply mitigation tests to measure the capacity of the HPWHs to store energy at times of 

excess generation, and  

3) Balancing INC tests that evaluate the potential of the system to provide dispatchable load 

reduction in an hourly or sub-hourly time frame. All of these tests were done while the systems 

met the 130 GPD hot water draws.  

The draw profile and total daily amount drawn comprised a foundational decision in designing the tests. 

In the written protocol, the 130 GPD draw amount is designated as the Building America House 

Simulation Protocol (BA HSP) Extreme (BA HSP Extreme) profile. It was chosen by consensus after a 

discussion where the regional average of 42 GPD per household was advocated as the minimum and the 

BA HSP Extreme as the maximum with several mid-range points. It was agreed to use the BA HSP 

Extreme for the controlled field study for several reasons:   

1) It represents use by a large household at the high end range of actual use;  

2) It tests the equipment at the limits it is likely to see;  

3) In controlled situations, most is learned by stressing systems; and  

4) Previous testing of HPWH acting in both heat pump and ER modes at the PNNL Lab Homes was 

done at the BA HSP Extreme profile, allowing direct comparison to those results (Widder et al., 

2013). This project resulted in two test protocols for assessing water heater DR potential. Both 

this protocol used at the PNNL Lab Homes and the protocol developed for the lab test are 

                                                            
2 Both HDD and CDD are based on 65°F interior setpoint. Source: Western Regional Climate Center. 
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valuable additions to the toolkit for making these assessments and bracket the approaches as 

necessary to provide comprehensive insights. 

Controlled Field Study Tests  

The PNNL Lab Home configuration allowed each system to be installed in a separate home and be 

subjected to the same conditions. A complete description of the test equipment and system installation 

is found in the final PNNL report (Sullivan et al., 2015).  

Data Collection  

Data was taken at one-minute intervals. The test points included: 

¶ Water flow time and volume through the hot water tank measured at the hot water outlet 

¶ Water temperatures 
ς Cold water supply  
ς Hot water to tempering valve  
ς Tempered water to house 

¶ Air temperatures 
ς Air temperature to the heat exchange coil 
ς Air temperature near the hot water tank in the water heating closet where the entire 

unitary system (Lab Home A) and tank of the split system (Lab Home B) were located  

¶ Power measurements 
ς Time and amperage of compressor electricity use 
ς Time and amperage of outdoor pipe freeze protection (heat tape) electricity use 

Control of the HPWH s 

Both HPWHs were controlled for DR dispatch. It was proposed that they have onboard controls using 

CEA 2045 communication protocols. The manufacturer made a good faith effort to obtain control 

devices using this software, but the devices were not available for these tests. The manufacturer also 

looked into programming its own controller, but the protocol was not developed enough to allow this. 

BPA agreed that the testing would have to proceed with local controls, but that the overall project 

should examine the best type of control to optimize the DR potential of the water heaters. This analysis 

is included in the last section of this report. 

For these experiments, both water heaters were dispatched according to the test protocols by 

programmable breakers that switched power to the water heaters. This simulated the simplest type of 

control and allowed the tests to proceed. 

Baseline Tests 

The units were installed at the Lab Homes in June 2014 and baseline testing started in late June. The 

testing was interrupted by a malfunction that prevented the unitary system from staying in άcomfortέ 

mode, which utilizes the full output of the compressor. Instead, the unit was defaulting to άecoέ mode, 

which operates the system at two-thirds power. It took approximately 12 weeks to solve these 

problems.  

When testing resumed, the first issue encountered was failure to properly remove condensate from the 

compressor housing. This repair was identified and completed by Greg Sullivan. 
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The second problem was the switch that governed system mode. The system only worked in full 

capacity in comfort mode, but kept reverting to eco mode. The manufacturer, who had representatives 

in the technical group that met weekly during the tests, identified the issue and provided a replacement 

part. Proper function was restored on October 1, 2014 and baseline testing resumed. All tests on the 

unitary system were performed in comfort mode after this repair. 

The baseline tests demonstrated that both the unitary and split systems could provide 120°F water 

while meeting the prescribed draw pattern and amount. That the unitary system with its 40-gallon tank 

could meet this demand was somewhat surprising to the project team because it required the heat 

pump to produce over three tankful of hot water during the day. Figure 5 shows the time the 

compressor was on and the power consumed to achieve this (Sullivan et al., 2015, p. 3.4). The graph also 

demonstrates the tempering impact of the crawlspace air supply used by the unitary system. 

 

Figure 6 shows the baseline power draw for the 80-gallon split system tank. Note that the system comes 

on for half the number of times, stays on longer, and has a slightly lower power draw than the unitary 

system. This is probably because the split system tank is larger, has a greater hot water reserve and, 

because of stratification, has cooler water supply to the outside unit, which increases efficiency of the 

heat exchange. 

Figure 5. Compressor On and Energy Consumed: 40-gallon Unitary System 
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Oversupply Mitigation  

When generation exceeds demand for electricity for a number of hours, the situation is called 

oversupply. Absorbing that extra electricity and applying it to a useful purpose is called oversupply 

mitigation. Water heaters with ER heating elements generally accomplish this by raising the water 

temperature. This can be done by these CO2 HPWHs without ER coils in two steps: 

¶ They stay off to create a storage space of cool water because hot water demand is filled without 

heating incoming cold water, and 

¶ During the oversupply period, energy is stored by heating the cold water in the tank.  

With the proper controls, HPWHs could perform these functions as directed by the utility system. 

Oversupply in the Pacific Northwest typically occurs when spring runoff water must go through turbines 

to benefit migrating salmon and/or by excess wind power generation ς often at night when loads are 

reduced. 

In this experiment, the HPWHs could not be set up to produce temperatures higher than 149°F.3 

Instead, the protocol was designed to turn the systems off to create space for later energy storage as 

hot water. The test began with a minimum 6-hour shut off followed the next day by an additional 1-hour 

shut off, up to a maximum of 12 hours shut off during a 24-hour period. 

Tank size proved to be the determining factor in how long the system could be turned off and still meet 

the 130 GPD draw. As shown in Figure 7, the unitary system could be turned off for 6 hours and still 

deliver water at the setpoint (Sullivan et al., 2015, p. 3.7). 

                                                            
3 Other CO2 HPWH equipment manufactured by Sanden for the Japanese market routinely heats water to 194°F.  

Figure 6. Baseline Power Draw: 80-gallon Split System 



10 
 

Figure 7. Unitary System Shut-off Schedule and Variation in Water Temperature 

 

But the addition of one more hour to the shutdown caused the unitary system to deliver colder water in 

the last draw of the day, as shown in Figure 8 (Sullivan et al., p. 3.8). The split system with its 80-gallon 

tank provided setpoint hot water after being shut down for 12 hours. 

Figure 8. Unitary System Water Temperature Fluctuations after Additional 1-hour Shut Off (at 5 p.m.) 

 

The results of the oversupply mitigation tests, shown in Table 1 (Sullivan et al., 2015, p. 3.12), indicate 

that the tested units do provide measurable DR benefit with a demonstrated ability to maintain storage 

and absorb energy during an oversupply period. They also show the ability to shut down for extended 

periods of time and still provide hot water, which may also be useful. 

Keep in mind what this could mean from a utility or power system managerΩǎ ǇŜǊǎǇŜŎǘƛǾŜ. If thousands 

of these units with dispatchable controls are available, the DR potential is significant. For example, a 

thousand split system units would provide energy storage of almost 3 MWh with the amount of storage 

created by the draw amount used in the experiment. 
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In addition, with sophisticated controls, the manufacturer could easily add temperature increase to the 

DR services provided by this water heater. The manufacturer of these systems already produces a 

remote-controlled HPWH capable of producing water from 149°F to 194°F. In either case, a tempering 

valve is used to reduce the temperature to safe operating temperatures. 

Table 1. Oversupply Mitigation Test Results for an Oversupply Duration of 6 hours 

Experiment Metric Unitary System HPWH Split-System HPWH 

Oversupply Experiment 

Dispatchable power (kW) 1.3 1.2 

Energy Storage (kWh)a  2.65 2.95 

Oversupply preparation duration (hours)b 6 6 

Maximum off period while delivered temperature met (hours) 6 12 
a The oversupply energy storage is the water heater energy use at the conclusion of the oversupply period to bring 
the tank temperature bank to setpoint. 
b The oversupply duration of the split-system presented was for the 6-hour interval and provided for comparison 
to the unitary system. The 12 hour energy storage for the split system is estimated at 3.9 kWh. 

 

Balancing INC 

Electricity distribution is a dynamic enterprise. From moment to moment, utilities and power generators 

face a generation/load balancing act. If a utility does not have enough power, it could turn up 

generation for a short time or it could shed load. Load shedding is called balancing INC because it 

increases the ratio of generation to load.  

If the overall load falls off, the options are to turn off generation or to increase load, called balancing 

DEC because it decreases the ratio of generation to load. The test protocol specified balancing INC tests, 

which also provide insight into how well the equipment might serve for balancing DEC.  

The protocol specified two different tests. The first specified an off period of 1 hour at 2 p.m. The 

second specified three, 1-hour off periods at 2 a.m., 8 a.m., and 8 p.m. Both HPWHs continued to 

maintain the 130 GPD draw throughout these tests. There was no doubt that the split system could 

manage these interruptions in water heating, but the unitary system performance was carefully 

watched. A reason for this concern was that this testing occurred during a cold period in November 

2014 when nighttime OSA temperatures dropped to 20°F, and the average incoming water temperature 

was 57.9°F (Sullivan et al., 2015, p. 3.13). 

Throughout this testing and despite the colder air and water temperatures, both systems maintained 

hot water output at setpoint temperatures. Figure 9 shows the 3-hour test for the unitary system. It 

demonstrates an increase in recovery power use from 1.3 kW in the oversupply mitigation tests to 1.7 

kW for the unitary system, and from 1.2 kW to 1.6 kW for the split system. This is caused by the need to 

operate the heat pump in colder supply air and water temperature conditions. Both the OSA and crawl 

space temperatures are shown, indicating the advantage of drawing supply air for the heat pump from 

beneath the home. 
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Figure 9. Results of the Three-Hour Test ς Unitary System 

 

Figure 10 shows the split system performance during the 3-hour test. The operation of the heat pump is 

actually interrupted during this test, resulting in clear load reduction. The power use periods are longer 

than those of the unitary system, but they are fewer and at generally lower wattage.  

Figure 10. Results of the Three-Hour Test ς Split System 

 

Table 2 shows the measured load reduction from the HPWH during the tests described above. (Sullivan 

et al., 2015, p. 3.16). 

Table 2. Measured Load Reduction 

Experiment Metric Unitary System HPWH Split System HPWH 

Dispatchable Power (kW)a 1.7 1.6 

Energy Storage (kWh)b 1.7 1.6 

Balancing INC Duration (hours) 1 1 
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Comparison to ER Water Heater DR Performance  
In addition to conducting the controlled field study with the Sanden HPWH, PNNL also conducted tests 

at the Lab Homes comparing DR performance of the DŜƴŜǊŀƭ 9ƭŜŎǘǊƛŎ DŜƻǎǇǊƛƴƎϰ I²tI ƛƴ 9w ƳƻŘŜ ŀƴŘ 

HPWH mode. These tests were conducted in 2013 (Widder et al., 2013). The ER water heater (ERWH) 

tests from this study provide the ER comparision for the Sanden HPWH studied in this research. 

ER Baseline Test 
The baseline period for the ERWH was June 2013. A series of data collected over five days was analyzed 

and compared for proper baseline operation. Figure 11 presents the power profile of the GE ERWH (blue 

line), along with the hourly average OSA temperature (red dashed line). The ERWH has a very consistent 

wattage profile, and the peaks generally align with the automated hot-water draws. Across the daily 

draw pattern, the average energy use per water heater power draw event was 0.89 kWh. 

Figure 11. ERWH Baseline Power Profile, June 3, 2013 

 

Figure 12 shows the temperature profile of delivered water measured after the thermostatic mixing 

valve. The delivered water set point was fixed at a nominal 120°F, though inaccuracy in the thermostatic 

mixing valve allowed this to rise to 125°F, and the total draw was approximately 130 GPD. Evident from 

the graph, the water heater was able to deliver water at the requisite temperature throughout the high 

draw pattern; that is, at no time during the day did the temperature on any of the draws go below the 

125°F set point. 
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Figure 12. GE ERWH Baseline Delivered Water Temperature Profile, June 3, 2013 

 

 

ER Oversupply Results  
The schedule for the ERWH oversupply testing included off periods of three hours. Figure 13 presents 

the power profile with the OSA temperature shown as a dashed red line. Figure 14 highlights the 

resulting temperature profile for this DR schedule. The vertical red bars indicate when the DR schedule 

was implemented (i.e., when the water heater was powered-down) to create storage for the mitigation. 

Figure 13. ERWH Oversupply Power Profile: 2:00 p.m. to 5:00 p.m. Powered-down Protocol 
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Figure 14. ERWH Oversupply Delivered Water Temperature Profile: 2:00 p.m. to 5:00 p.m. Powered-down Protocol, June 13, 
2013 

 

It is evident from Figure 14 that the temperature dropped below setpoint after two hours of the 

shutdown, and dropped a full 5°F by the end of the power-down cycle of three hours. In comparison 

with the ERHW baseline, the oversupply DR profile created a demand shift of four 4.6 kW events during 

the oversupply period. This shift is evident in the graph, where at 5:00 p.m., the ERWH went into 

recovery mode during which it drew the same 4.6 kW of power but over a longer duration. 

ER Balancing INC Results 
The schedule for the ERWH balancing INC testing included off periods of one hour each. Figure 15 

presents the power profile with OSA temperature for one of the days when the 8:00 a.m. and 8:00 p.m. 

schedules were implemented. Figure 16 highlights the resulting temperature profile for this DR 

schedule. 

Figure 15. ERWH Balancing INC Power Profile 8:00 a.m. and 8:00 p.m. (1 hour powered-down) 
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Figure 16. GE ERWH Balancing INC Delivered Water Temperature Profile: 8:00 a.m. and 8:00 p.m. 

 

In comparison with the ERHW baseline, the ERWH balancing INC DR profile highlights a demand shift of 

4.6 kW for each of the two displaced water heater activation events. This shift is evident in the graph, 

where at 9:00 a.m. and 9:00 p.m., the ERWH goes into recovery mode in which it draws the same  

4.6 kW of power but over a longer duration. No impact on delivered water temperature was evident. 

Table 3 summarizes the oversupply capability of the water heaters tested at the PNNL Lab Homes ς the 

60-gallon ERWH, 40-gallon Sanden unitary HPWH, and 80-gallon split system HPWH. Note that the 

measured oversupply mitigation storage is comparable among the systems, while the dispatchable 

power of the ERWH is approximately 3.5 times greater than that of the HPWH, requiring the HPWH to 

operate longer to fill the storage created during the down time. 

The table also highlights the capacity savings of the HPWH compared to the ERWH. The high capacity 

may appear to be an advantage of the ERWH in DR potential, but in overall operation it contributes to 

the problem of high-capacity use compared to the HPWH performing the same task. 

Table 3. Comparison of ERHW Oversupply and Balancing INC Performance to HPWH 

Experiment Metric ERWH Unitary System HPWH Split-System HPWH 

Oversupply Experiment 

Dispatchable Power (kW) 4.6 1.3 1.2 

Energy Storage (kWh) 2.69 2.65 2.95 

Oversupply Duration (hours) 3 6 6 

Max Off  for Storage (hours) 3 6 12 

Balancing INC Experiment 

Dispatchable Power (kW) 4.6 1.7 1.6 

Energy Storage (kWh) 0.86 1.7 1.6 

Balancing INC Duration (hours) 1 1 1 
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Energy Use 
The original question posed concerning energy was: What is the impact of DR on system efficiency? 

Because the period during which testing occurred at the Lab Homes included dynamic changes in 

weather, it was not possible to determine the impact the DR measures had on system performance. If all 

the testing could have been done in summer, the conditions might have allowed meaningful 

observations related to this issue. Instead, the question is addressed in the controlled environment of 

the lab, which is the next section of this report. The actual test conditions during the controlled field 

study are show in Table 4 (Sullivan et al., 2015, p. 4.1). 

Table 4. Test Conditions During Controlled Field Study 

Water Heater/Metric Baseline Oversupply Balancing INC 

Sanden Unitary HPWH: dates of experiment August 2014 October 2014 November 2014 

Average source air temperaturea 71.2°F 59.6°F 46.8°F 

Average supply water temperature 70.4°F 63.5°F 59.7°F 

Sanden split-system HPWH: dates of experiment August 2014 October 2014 November 2014 

Average source air temperatureb 72.0°F 53.7°F 23.7°F 

Average supply water temperature 70.4°F 63.5°F 59.7°F 
aAir is taken from the crawlspace beneath Lab Home A and exhausted outside through a vent in the water heater 

closet door. 
b Air is sourced at the split-system evaporator adjacent to Lab Home B (i.e., outdoor air). 

 

The energy use in watt hours per gallon for the various tests is shown in Table 5 (Sullivan et al., 2015, p. 

4.1). The most interesting finding is the low energy use per gallon at the 70°F and 50°F temperatures 

(baseline and oversupply testing, respectively) and the increase during November with the 20°F to 40°F 

air source temperatures (balancing INC testing). The air supply to the unitary HPWH was warmer than 

the OSA temperature used by the split system during the DR tests because it came from the crawl space 

of the home. The result is less energy used by the unitary system. When the ERWH is compared to the 

HPWH, the efficiency of the HPWH is highlighted. 

Table 5. Energy Use During Tests 

System 
Baseline 

(Wh/gal) 

Oversupply 

(Wh/gal) 

Balancing INC 

(Wh/gal) 

Unitary System ς Lab Homes Test 41.5 43.7 67.7 

Split System ς Lab Homes Test 36.0 44.3 76.1 

ERWH ς Lab Homes Test 153.7 151.0 148.5 
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Lab Tests 
The lab tests were designed to explore issues identified by the controlled field study protocol and 

results, and to delve into questions uniquely addressable in the controlled lab environment. The two 

complementary sets of experiments allowed the project to look at the impacts of an extreme draw 

amount in a situation governed by actual weather at the PNNL Lab Homes, while the lab focused on 

average daily draw volumes at set temperatures and issues such as freezing caused by shutting the 

system down for extended periods. One of the unique tests conducted at the lab was to map the 

Coefficient of Performance (COP) to measure DR impact on efficiency and performance. 

The HPWHs tested in the Lab Homes were also tested in the Cascade Engineering lab, and were 

subjected to similar tests. The split system was set up with only the outdoor unit in the climate-

controlled chamber, while the entire unitary system was placed inside. In this case, both compressor 

units experienced exactly the same conditions, while at the Lab Homes the unitary system supply air was 

taken from the crawl space beneath the home and was somewhat warmer than the OSA that the split 

system was subjected to. 

Protocol Development  
The lab test protocol was developed by Ecotope within the context of the controlled field study. The first 

draft lab test protocol was delivered by Ecotope on October 29, 2014 and was revised in light of 

information provided by PNNL from the controlled field study. The revised draft was discussed in a 

conference call with BPA and PNNL on December 2, 2014, and the final protocol was delivered on 

January 20, 2015. 

The lab test protocol specified COP mapping tests, draw profile and demand response tests, and water 

circulation line temperature tests. The COP mapping is necessary to understand the impact on energy 

use as the season and time of day change for implementing DR measures, and to provide data for 

simulation. These experiments increased the number of temperatures at which COP was tested 

compared to the Lab Homes tests (Larson, 2013, p. 20).  

The draw profile tests were the direct DR experiments. The key difference from the controlled field 

study DR tests was the amount of the daily draw. In the lab tests, the daily draw was 46 GPD based on 

average use rather than the large draw amount of 130 GPD at the Lab Homes. The tests conducted were 

oversupply mitigation and load shedding, also known as balancing INC. 

The water circulation line temperature tests measured the rate of heat loss of the water lines 

connecting the split system outdoor unit to the tank during periods when the system was not operating 

due to DR testing. Based on these tests, the time to freezing at specified outdoor temperatures was 

calculated. 
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Lab Tests 
The lab tests were conducted at Cascade Engineering Services in Redmond, Washington, in February and 

March 2015. Analysis took place during spring and summer of 2015. The lab test report is electronically 

attached to this report as Appendix B. 

COP Mapping Tests 

The COP is the change of energy in the water caused by the heat pump divided by the energy used to 

operate the heat pump. Equipment efficiency must be known to determine the impact of DR services on 

energy use and changes in performance as time of day and seasons change. Performance testing in the 

lab previously determined COP at 50°F and 67.5°F for both units; these tests added COP measurements 

for 17°F, 35°F, and 95°F.  

The COP tests start with a tank at the cold water temperature (55°F to 65°F) and measure the energy 

needed to heat the water to near setpoint temperature. The tank has a string of sensors to measure the 

temperature at six different levels from which the energy introduced into the tank can be calculated. 

Figure 17, taken from the original lab test report by Ecotope, shows the COP test at 67.5°F (Larson, 

2013, p. 20). 

The COP declines as all of the tank temperature levels approach setpoint. This is because there is little 

temperature difference to drive heat exchange from the refrigerant to water. 

Figure 17. COP Test at 67°F Ambient ς Split System 

 

  




































